The use of single molecules to study local, nanoscale polymer dynamics is presented. Fluorescence lifetime fluctuations were used to extract the number of polymer segments (N s ) taking part in the rearranging volume around the probe molecule below the glass transition temperature. N s was dependent on the temperature and it decreased with increasing temperature. Above the glass transition, rotational motion of single molecules was followed in time and typical time-scales of the rotational diffusion were extracted. These two approaches allowed us to obtain non-averaged information about the heterogeneous dynamics present in polymer systems, on the nanoscale, above and below glass transition temperatures.
Introduction
Photophysics and photochemistry in polymer science has been one of central areas of interest for a long time [1] . Single molecule fluorescence detection (SMD) is a newly developed optical technique with its major strength laying in the intrinsic ability to avoid ensemble averaging [2] [3] [4] [5] [6] [7] . By looking at one particular chromophore within a population it is possible to directly determine how the particular chromophore participates in the ensemble averaged behavior. Related experiments allow one to tackle phenomena which otherwise would be hidden, or would be difficult to access [8] . The typical nanometer scale dimensions of the chromophoric probes and the well-developed instrumentation [9, 10] make SMD an indisputably valuable tool in biology [11] [12] [13] [14] [15] [16] , chemistry [17] [18] [19] and physics [20, 21] , which allows one to look at microscopic processes, which take place on the nanometer scale.
Much attention has been paid to studies of dynamics of polymers in the glassy and viscoelastic states due to their relevance in microelectronics [22] , lithography [23] or nanocomposites [24, 25] . The glass transition phenomenon, although known for a long time, is still not fully understood [26] [27] [28] . Single molecule methods are promising candidates to resolve the controversies present in this field e.g. the length scales and time scales involved in the spatially heterogeneous dynamics [29] or the effects of confinement on the dynamics of macromolecules [30, 31] . One spectacular example of using the single-molecule method is the confirmation of the reptation model for polymer diffusion by direct observation of a single diffusing macromolecule labeled with fluorescent dyes [32, 33] . This constitutes a result, which could have never been achieved using bulk, ensemble averaged methods. Single-molecule fluorescence approaches were also employed to probe crystals of organic molecules [34] and glassy materials [35] and related results have significantly contributed to the understanding of structure and dynamics of soft condensed matter. Lattice dynamics at low temperatures was investigated by following single molecule spectral diffusion or linewidth distributions and different explanations based on a two-level-system concept [36, 37] were developed to account for the observed behavior [38] [39] [40] [41] .
Although experiments at cryogenic conditions give a vast amount of information about the host, most of the common use materials have working temperatures close to room temperature. In such conditions thermal fluctuations are large and, therefore, most of the phenomena that were observed at low temperature cannot be resolved. At room temperature, using near-field optical microscopy, lateral diffusion and dynamic reorientation of single rhodamine dyes embedded in poly(vinylbutyral) was monitored. Non-random diffusion was revealed in these studies on the microscopic scale while time-averaged macroscopic diffusion was shown to display random-walk behavior [42, 43] . Using confocal fluorescence microscopy, heterogeneous dynamics in polymer films was examined by monitoring the rotational motion of single molecules in the melt few degrees above the glass transition [44] [45] [46] . Inhomogeneity of the host matrix was found by observing a bimodal distribution of fluorescence lifetimes for a flexible triphenylmethane dye derivative in poly(methyl methacrylate) (PMMA) [47, 48] . Results were explained by changes of the nonradiative component of the fluorescent decays due to the interaction of the dyes with different sites in the polymer matrix. Similar ''bimodal'' distributions were found for the radiative component of the fluorescence lifetime of single perylene dye in PMMA [49] and were explained by assuming switching of the dye between two different conformations with rate controlled by the interactions of the probe with the surroundings. Chemical heterogeneity of a silica sol-gel was also probed by looking at the mobility and photostability of single carbocyanine molecules [50] . Another approach to look at the dynamics of the host consisted of attaching the chromophores to the polymeric chain at different locations. This allowed to probe directly the dynamics of single polymer chains in a host matrix of different (or of the same) material [51] . In many of the aforementioned studies spatial and temporal heterogeneities were observed and their role in the overall physicochemical behavior was deciphered for materials and systems, which appeared homogeneous on the ensemble detection level.
In this contribution we describe two different single molecule fluorescence methods, which are used to investigate polymer dynamics in the glassy and viscoelastic states. The first method [52] is based on fluorescence lifetime fluctuations of a dicarbocyanine dye. This powerful technique makes possible the observation of density fluctuations in the polymer matrix on the nanometer scale far below the glass transition temperature of the polymer. The second method relies on the monitoring of single molecule reorientational diffusion of a rhodamine dye in a polymer above its glass transition temperature. Broad range of time-scales for diffusion is observed and different mechanisms of reorientation of the probe are witnessed. Heterogeneous dynamics is shown to be present close to the glass transition and persists far below T g .
Experimental section
Materials and sample preparation. The probes used in this study were DiD (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindodicarbocyanine perchlorate, Molecular Probes D-307) and 5-TRITC (tetramethylrhodamine-5-isothiocyanate, G isomer, Molecular Probes T-1480). As host matrices we chose polystyrene (PS, M n ¼ 89,300 g/mol,
8, prepared in our laboratories by custom-free radical polymerization, T g ¼ 56°C) and poly(methyl acrylate) (PMA, M n ¼ 120,000 g/mol, Aldrich, T g ¼ 8°C). The chemical structures of the chromophores and polymers are presented in Fig. 1 . Solutions of the dyes in toluene (for DiD) or in tetrahydrofuran (THF, for 5-TRITC) containing different amounts of polymer were spin-coated at 3000 rpm for 60 s onto a cleaned glass cover slides (with a diameter of 10 or 20 mm, Fisher Scientific) to produce uniform thin coatings with thickness values ranging from 10 to 300 nm. Changing the concentration of the polymer in the solution varied the thickness as anticipated [53] . The concentration of the dyes in the resulting films was kept low enough (10 À9 -10 À10 M) to ensure adequate spatial separation for optical single molecule observations. The samples were subsequently annealed in vacuum, first 12 h at 60°C and later 3 h at 105°C. A DiD/polystyrene sample with a higher concentration of dye (10 À6 M) was also prepared for calibration purposes. Atomic Force Microscopy (Nanoscope III, Digital Instruments, Santa Barbara) was used to determine the planarity and roughness (<1 nm) of the samples. Film thickness values were determined by a ''tip-scratch'' [54, 55] method.
Corresponding thickness values were also determined by ellipsometry for the sake of comparison. The difference between the two methods was found to be less than 3%.
Scanning confocal microscopy (SCM) and time resolved fluorescence. A picosecond-pulsed dye laser (635 nm, PicoQuant, 800-B, 100 mW) with a repetition rate of 80 MHz was used for excitation. The excitation light was made circularly polarized by using a k=4 plate and focused onto the sample to a diffraction-limited spot using an air objective (Olympus, NA ¼ 0.75). To separate the fluorescence emission from the excitation, suitable dichroic mirrors, emission and excitation filters, were used. Fluorescence photons were collected by the same objective and subsequently focused and collected by two avalanche photodetectors (APD, SPCM-AQ-14, EG&G Electro Optics) placed after a polarization beam splitter. A custom-built piezo-scan table with an active x-y feedback loop mounted on a commercial optical microscope (Zeiss) was used. The sample was scanned over the focus of the excitation spot, producing a two-dimensional fluorescence intensity image for two independent polarization channels. For time resolved experiments the detected fluorescence signal was fed into a time-correlated single-photon counting card (TCSPC, Becker & Hickl, SPC 500). For each single molecule, intensity and fluorescence lifetime traces were collected with 100 ms integration time, during a 20-60 s total observation time. The accuracy of lifetime determination was on the order of 300 ps. Custom LabView software was used to control the scanning process and data acquisition. For higher temperature measurements a home-built heating-stage was placed below the sample and the temperature was monitored during the experiments with an accuracy of ±2°C.
Wide field microscopy (WFM). Light from a cw Ar þ -Kr þ ion laser at wavelengths of 531 and 647 nm was used for excitation. Circularly polarized laser beam passed through a beam expander and was focused onto the back aperture of a high NA objective (Zeiss, NA ¼ 1.4, oil immersion). The fluorescence photons emitted from the illuminated area were collected by the same objective and after passing through emission filters were split into two orthogonal polarization channels using a Wollaston prism (Linos 037808) and subsequently imaged with a 500 mm lens (Linos 063827) onto an intensified charged coupled device (CCD camera, Pentamax GEN IV). The speed of the data acquisition by the camera was set to 100 ms/frame. The images from the camera were processed by custom LabView software. Simultaneous intensity and polarization information from each pixel on the frame were obtained.
Results and discussion
Fig. 2a and b show fluorescence intensity images (DiD molecules embedded within a thin PS film) obtained with SCM and WFM, respectively. The fluorescent molecules in the samples are spatially separated and distributed throughout the polymer film as expected from the low dye concentration used to spin the polymer solutions. Separation of the dyes over large distances (hundreds of nanometers) also avoids any interaction between them. The color scale on both pictures is related to the polarization of the detected fluorescence. The constant value of this parameter within the spots indicates that the fluorescence spots are indeed single immobilized molecules. Random distribution of orientations of the dyes in the samples ensures that no specific structure of the films was induced using the preparation procedure (spin-coating). The variation in the intensities between different molecules is mainly related to their degree of out-of-plane orientation, and therefore to excitation and photon collection efficiencies. Intensity variations are also related to different characteristic ''nanoenvironments'' of the probes, which influence their fluorescence lifetime [56] , triplet excursions [57, 58] long dark state statistics [59] or absorption and emission spectra [3] .
In scanning confocal microscopy the excitation light is focused to a diffraction limited spot. Its size depends on the excitation wavelength and the numerical aperture (NA) of the objective used. The radius of the spot is approximately equal to $k ex =4 and this determines the spot size on the image in Fig. 2a . Therefore, to obtain a two-dimensional fluorescence image, one must use a scanning stage and move the focused excitation light across the sample in a pixel-by-pixel fashion. Therefore, methods based on scanning lack the ability to observe fast molecular motions on a macroscopic scale, or to monitor simultaneously many molecules separated over large distances. However, small excitation volumes in the diffraction-limited spot improve considerably the signal-to-noise ratio (S/N). In Fig. 2a the S/N for single molecules is equal to %20. In combination with fast photon detectors, like APDs, scanning confocal microscopy is the technique, which is suitable to monitor processes that require a combination of high spatial and temporal resolution. Fluorescence lifetime determination (in the nanosecond scale) for single molecules falls within these considerations where the time resolution in the order of few hundreds of picoseconds can be obtained. In contrast to SCM, in wide-field microscopy a large area of many microns in diameter is illuminated. However, the resolution is still diffraction limited and its value depends on the quality of the optics used in the experimental setup. The use of fast acquisition devices (like CCD cameras) allows one to perform real-time observations of translational or rotational diffusion of many individual molecules simultaneously. Such studies, where direct determination of the spatial distribution of molecular behavior is possible, are perfectly suited to investigate systems, where spatial heterogeneities (both static and dynamic) are present. The drawback of this method is related to the rather limited time resolution of CCD cameras (down to few milliseconds depending on the size of the pixel array being read out) and to the poorer signal to noise ratios that can be obtained (S/N % 8 in the case of Fig. 2b ).
Confocal microscopy and single molecule fluorescence lifetime fluctuations
Following localization of the fluorescence spots in the sample, the excitation focus is shifted to a molecule one wishes to investigate. Once the molecule is in the focus, fluorescence emission can be followed in time and photon time-traces can be registered until photodegradation. In single molecule studies the fluorescence lifetime is often determined using Time-Correlated Single Photon Counting [60] by plotting a histogram of time lags between the excitation pulses and the detected fluorescence photons. The exponential fit to the observed decay profile gives the fluorescence lifetime (s f ). Binning all of the arrived photons within a defined time-interval produces fluorescence lifetime time-traces. An example for such a time-trace for a single DiD molecule embedded within a 70 nm PS thin film is shown in Fig. 3 . While the total fluorescence intensity remains essentially constant for the whole time-trace, the fluorescence lifetime exhibits frequent excursions towards longer values. The s f distribution in this case has a clearly visible asymmetric shape (Fig. 3c) . The absence of correlation between the intensity and fluorescence (Fig. 3b) rules out the possibility that the observed lifetime fluctuations are due to the opening of new non-radiative channels for the molecule to decay from the singlet excited state to the ground state. Macklin et al. [60] , Vall ee et al. [61] and Kreiter et al. [62] have shown that the orientation of the transition dipole moment of single molecules with respect to the optical interfaces influences the value of the fluorescence lifetime. However, by monitoring the location of each molecule and the orientation of the transition dipole moment, we found no evidence for orientational or translational motion under the experimental conditions used (far below T g ). Modification of the transition frequency, or the transition dipole moment, can also result in fluorescence lifetime fluctuations. However, it was previously found that the molecular conformations of DiD is similar in the ground and the excited states and that it does not contribute significantly to the observed large fluctuations in s f [63] . Therefore, the observed behavior is attributed to the fluctuations present in the local nanoenvironment of the probe. To shed further light on this statement, we start with the expression for the radiative decay rate (inverse of the lifetime) of an excited molecule, in a homogeneous dielectric, in the following form [64] :
where n is the refractive index of the medium, h is the Planck constant divided by 2p, c is the speed of light, f is a factor which relates the macroscopic and local electric fields, hx 3 i fcf is the Franck-Condon-weighted average of the electronic transition frequency andl 10 is the transition dipole moment. Although it is usually assumed that the decay rate of a molecule from its excited state is an intrinsic property of the molecule, Eq. (1) explicitly shows that it also depends on the dielectric properties of the surroundings [65] directly through n and indirectly through f [66] . The detailed explanation of the physical meaning of f is outside of the scope of this publication, however it suffices to mention that f relates the macroscopic and microscopic (local) electric fields, which act on the probe and is itself a function of n [67] [68] [69] [70] . At the microscopic level, the dielectric host cannot be treated as a continuum and macroscopic concepts like the refractive index are no longer applicable in their common forms. We introduce the effective dielectric constant (e eff ), which depends on the relative fraction of empty space (h) in a polymer lattice model competing with polymer segments ð1 À hÞ corresponding to occupied space:
where e vac and e pol is the vacuum and polymer dielectric constants, respectively. In a fluctuating environment the fluorescence lifetime will develop a specific distribution depending on the degree of mobility in the surroundings. Recently, we presented a method [52] to obtain from the lifetime distributions of each molecule the number of polymer segments (N s ), which take part in the cooperatively rearranging volume around the probe by using the Simha-Somcynsky equation of state [71] . Fig. 4 shows a distribution of N s for many different molecules embedded within the same 70 nm thick PS sample. The broad distribution of N s indicates that large heterogeneous dynamics of the polymeric matrix is present on the nanoscale level well below the glass transition temperature. Such detailed information related to the microscopic distribution of relaxation rates is otherwise hard or impossible to obtain since only a unique combination of small probed volume and the possibility to obtain non-averaged information can lead to the result presented in Fig. 4 . It is interesting to note that N s is a function of the temperature (Fig. 5 ). The N s behavior as a function of temperature is strikingly similar for two different polymers when plotted against the temperature reduced with respect to the glass transition temperature of the polymer used. Such an observation is in agreement with the configurational entropy model of Adam and Gibbs [72] where the size of the cooperatively rearranging regions is predicted to decrease when approaching the glass transition from below. 
Wide-field microscopy and rotational dynamics
As it was already mentioned, WFM allows one to obtain 2-D fluorescence images (''frames'') of many single molecules simultaneously (Fig. 2b) . Time-dependent information is extracted by following the intensity of each individual molecules ''frame'' after ''frame''. This allows one to construct fluorescence intensity traces for two independent polarization directions for each pixel, or group of pixels. From these time-traces we then obtain information about the orientational behavior of single molecules. Fig. 6a in the two polarization channels is also observed. Since the total intensity level for that part remains constant, the molecule undergoes in-plane rotational motion.
To estimate the orientation and orientational motion of the probes from single molecule fluorescence intensity time-traces, values of the degree of polarization (P ) are calculated (Fig. 6b): P ðtÞ ¼ I 1 ðtÞ À I 2 ðtÞ I 1 ðtÞ þ I 2 ðtÞ ; ð3Þ
where I 1 and I 2 are the intensities in the two orthogonal polarization channels, and t is time. Such a treatment of data ensures that the orientational diffusion probed is not affected by laser intensity fluctuations, or triplet excursions. The values of P can range form )1 to +1 with extreme values attainable through a rotation of 90°. Time-trace of P presented in Fig. 6b shows directly that the probe reorients in different directions while being embedded within the polymer matrix. However, not all investigated probes showed clear molecular reorientations. To quantify the extent of molecular mobility of the probes first we classified the molecules as ''fixed'' or ''rotating'', during the collection time, by looking at the widths of their static distributions of P (Fig. 6c ) [50] . As reference for the ''fixed'' species we chose the width of the distribution found for DiD molecules in a PS matrix at room temperature (80°below the T g of PS in the bulk) (not shown here). In such conditions the molecules are (not surprisingly) frozen in the polymer matrix on the timescale of our measurements (minutes). The rotational behavior varied greatly from molecule to molecule within the same sample and even between molecules, which were collected simultaneously on the same frame. Therefore wide-field experiments are spatially mapping the heterogeneous molecular dynamics of the probes inside the polymer above and near to the glass transition. However, due to the far-field characteristic of the detection method, such experiments do not allow to determine accurately the size of the ''domains'' [29] in which the probe has a particular orientational behavior. We found that 31% of the investigated molecules could be termed as ''fixed'' and 50% of molecules were termed as ''rotating''. For the remaining 19% of the molecules extensive hopping behavior was observed and the corresponding time traces exhibited a more complex behavior. An example of a P time-trace of one such molecule is presented in Fig. 7 . Regions of slow and fast rotational motions can be distinguished and a significant frequency of orientational jumps is observed. The static distribution of P (Fig. 8) is also broad in this case meaning that the molecule probe many different orientations during the investigation time. However, it does not show one broad peak but rather can be described as a multi-nodal distribution. The red lines in Fig. 7 indicate the values, which correspond to the peak positions in the histogram (Fig. 8) . A time-trace of P presented in Fig. 7 might suggest that not only the rotational diffusion is mediated by consecutive hopping from one spatial position to another but that it is also the result of hopping between few different orientations (or ''sites'') within the polymer matrix in which the probe can reside for different amounts of time before switching to another ''site'' or to start to rotate with different rates. As suggested by Bartko et al. [73] observations of such jumps at the single molecule level can contribute significantly to the understanding of the bulk observations of the translational-rotational paradox near T g [74] . Such ''tumbling'' molecules make the extraction of the characteristic timescale of the process to become rather complicated and therefore the molecules exhibiting such behavior are omitted from further analysis. For molecules which do not show extensive hopping, to extract the typical time-scale of the rotational diffusion, the autocorrelation function [CðtÞ] of P was calculated. The shape of CðtÞ was non-exponential and could be best fitted with the Kohlrausch-Williams-Watt (KWW) equation in the form CðtÞ ¼ expðÀðt=s C Þ b Þ, where CðtÞ is the autocorrelation function and s C is the characteristic time describing the process. The fitting parameter b determines the shape of the autocorrelation function. This parameter is often called the stretching parameter and its value reflects the breath of the relaxation spectrum (0 < b < 1; b ¼ 1 for a single exponential process) [75] . The average rotational correlation time (s R ) can be directly calculated by integrating CðtÞ but it can be also obtained by making use of the fitting parameters s c and b [75] :
where C stands for the Gamma function. In Fig. 9a and b we show histograms of s and b values obtained form many different single molecules. The 5-TRITC molecules, which were called ''rotating'', exhibit a broad range of rotational time-scales when embedded in the same polymer matrix. In bulk experiments, it was found that the motion of large probes is coupled to the arelaxation of the polymer chains [76] . For small probes, however, a substantial decoupling from the a-relaxation was found starting at temperatures 30-50°above the glass transition reference [77] . The origins of such a behavior are largely unknown but it has been suggested that smaller probes better couple to the higher order relaxations like the b or c processes. The relationship between the relaxation times of the probe (s R ) and the time scale for the relaxation of the polymer chains (s pol ) was described with a relation [78] :
where i ¼ a; b; c; . . . and for n ¼ 1 there is a full coupling to given relaxation process. Introduction of heterogeneous dynamics found in our single molecule experiments (broad b and s R distributions) into Eq. (5) makes the problem more subtle. Describing the system with only an average relaxation time without a proper knowledge of the exact shape of the distribution of the relaxation times might lead to false conclusions. Additional single molecule experiments using probes with different dimensions, chemistry and performed at different temperatures might give the answer for the decoupling mechanism. Such studies are in progress.
Conclusions
Single molecule fluorescence methods became powerful tools to probe structure and dynamics of polymers on the nanoscale. Dynamic heterogeneities can be obtained directly by observing distribution of particular properties probed locally by individual probes. Future work will concentrate on the development of microscopic theories of polymer dynamics and its applications to current topics in macromolecular physics like the effect of confinements, structure and dynamics of electronic polymers or protein folding. 
